We have identified and characterized a cyclic AMP receptor protein in mitochondria of the yeast Saccharomyces cerevisiae. The binding is specific for cyclic nucleotides, particularly for cyclic AMP which is bound with high affinity (Kd of 10-9 M) at 1 to 5 pmol/mg of mitochondrial protein. The (15, 18, 31, 35, 37, 38) .
In eucaryotes, cyclic AMP (cAMP) receptors are ubiquitous. In all cases where they have been characterized in greater detail, they have been identified as regulatory subunits of protein kinases (12, 24, 26) . In the yeast Saccharomyces cerevisiae, the search for cAMP receptors resulted in the detection of at least five polypeptides. Four of them are located in the plasma membrane fraction, whereas one is found in the cytoplasm (15, 16) . (All other cytoplasmic cAMP receptors described are likely to be degradation products, as discussed by Hixson and Krebs [15] .) Although no definite function could yet be assigned to the plasma membrane-bound receptors (with apparent molecular weights of 58,000, 46,000, 34,000, and 25,000), the soluble cytoplasmic cAMP-binding protein (Mr, 50,000) has been shown to constitute the regulatory subunit of a protein kinase. Kinases of this kind were found to modulate the activities of a variety of target enzymes, e.g., glycogen synthetase, phosphorylase b kinase, trehalase, lipase, and ribosomal proteins (15, 18, 31, 35, 37, 38) .
cAMP added to yeast cells in vivo also results in a stimulation of mitochondrial functions, e.g., of mitochondrial respiration (10) , levulinic acid dehydratase activity (25) , and synthesis of the mitochondrially encoded subunits of cytochrome c oxidase (6) . Whether these effects of cAMP on mitochondrial activities are mediated by one or another of the extramitochondrial cAMP receptors described above is still unclear (24) . On the other hand, no data are yet available on whether the organelle itself is able to receive and transmit signals in the form of cAMP. Although cAMPindependent protein kinases have amply been documented in mitochondria (14, 17, 21, 29, 30) , no cAMP-dependent kinase or other cAMP receptor has been characterized in this organelle. Therefore, we started a systematic search for cAMP receptors in mitochondria, which resulted in the identification of a cAMP-binding protein in the inner mitochondrial membrane. We present results on the main characteristics of this protein and its submitochondrial localization.
MATERIALS AND [11] ; cytochrome c peroxidase, intermembrane space [7] ; fumarase, soluble matrix [33] (27) in the presence of 5 mM AMP as a competitor. Labeled proteins were separated on exponential 10 to 15% sodium dodecyl sulfate-polyacrylamide gels (9) ; the gels were dried and fluorographed (4) .
Other assays. Published procedures were used for the determination of the following enzyme activities: succinate:cytochrome c oxidoreductase (19) , adenylate cyclase (32), alkaline phosphatase and catalase (3), aconitase and fumarase (28) , and cytochrome c peroxidase (8) . Porin was assayed after electroblotting (36) by immunodecoration with specific antibodies and radioiodinated protein A (7) and quantified either by integration of densitometric tracings of autoradiograms or by elution and spectrophotometric evaluation of autoradiographic bands (34) . Since Urographin interferes with the protein determination by the Folin reagent (23), it was removed by washing or dialysis. Alternatively, two other protein assays were employed (5, 13) which essentially gave identical results.
RESULTS
As outlined above, it is not known whether the cAMP-dependent effects on mitochondrial functions (6, 10, 25) are mediated by extra-mitochondrial events (24) or by the organelle itself. Therefore we started a systematic search of whether mitochondria contain a cAMP-binding protein(s). In doing so, particular care was taken to control cross-contaminations of mitochondrial preparations by other cellular structures that might interfere with an unambigious mitochondrial assignment of cAMP binding.
Purification of mitochondria. Crude mitochondria, prepared from spheroplasts, were further purified by centrifugation on continuous Urographin gradients (20 to 60%). The resulting particulate bands were removed and either dialyzed or sedimented and washed. Both specific and total activities of a variety of marker enzymes were determined as shown in the DeDuve plots (Fig. 1) . Alkaline phosphatase and adenylate cyclase were chosen as marker enzymes for the plasma membrane. 5'-Nucleotidase (E.C. 3.1.3.5), a highly selective marker for plasma membranes in mammals, was found to be absent in yeast. Mitochondrial markers were succinate:cytochrome c oxidoreductase, aconitase, fumarase, and porin. Catalase was taken as a vacuolar marker enzyme.
Two fractions exhibited high rates of succinate:cytochrome c oxidoreductase activity (Fig. 1) . They banded at 33 and 43% Urographin, respectively. As deduced from the higher specific activities of both aconitase and fumarase, the latter (denser) is considered to contain mitochondria that are more intact than those in the lighter fraction. The denser fraction was essentially free of catalase activity ( Fig. 1 ), nuclear DNA (as shown by CsCl isopycnic centrifugation, data not shown), and cytoplasmic rRNA (as shown by agarose gel electrophoresis [22] , data not shown). Contamination by plasma membranes was extremely low as judged from the retention of 0.12% of adenylate cyclase activity relative to that found in the homogenate. The higher value for alkaline phosphatase activity may be due to a mitochondrial phosphatase(s) active at the pH of the assay. In contrast to the deprivation of plasma membrane markers, an enrichment of cAMP-binding activity as compared with that observed in the homogenate was found. About 13. The bulk of alkaline phosphatase and adenylate cyclase activities found in crude mitochondria was observed to band separately from mitochondria-containing fractions at 53% Urographin. An identical banding density of plasma membrane marker enzymes was observed after centrifugation of the post-mitochondrial supernatant, which is enriched in plasma membranes, on Urographin gradients (Fig. 1A) (2) .
Sub-mitochondrial localization of the cAMP receptor protein. To prove unequivocally that a cAMP receptor is contained in mitochondria, we decided to determine the sub-mitochondrial localization and topology of the cAMPbinding activity. Shocked mitochondria were prepared from purified mitochondria (7) and further fractionated into intermembrane space, soluble matrix, and outer and inner membranes as described above. All four resulting fractions were characterized by using the activity of succinate:cytochrome c oxidoreductase as a marker for the inner membrane, the activity of aconitase and fumarase for the matrix, and the activity of cytochrome c peroxidase for the intermembrane space. Quantitative immune blotting with antiserum raised against porin was performed to specify the outer membrane. The results, which are summarized in the DeDuve plots (Fig.  2) , show that the subfractionation by the method in reference 7 efficiently separated the various mitochondrial compartments. Moreover, the cAMP-binding activity exactly copurified with that of the inner membrane marker enzymes. (The fact that the specific enrichment was less than that of succinate:cytochrome c oxidoreductase is due to the instability of the cAMP-binding activity during the preparation procedures; see below). Only marginal cAMP-binding activity was observed in the other mitochondrial compartments. By contrast, only negligible activities of both adenylate cyclase and alkaline phosphatase were recovered in the inner membrane fraction, indicating the almost complete absence of plasma membrane contamination. Hence, the cAMP-binding activity in this fraction is a self-contained activity and cannot be attributed to contamination by plasma membranes.
Topology of the cAMP receptor. The orientation of the cAMP receptor within the inner mitochondrial membrane was determined by testing its accessibility to protease treatment. The loss of activity was determined in parallel in (i) purified whole, (ii) shocked, and (iii) lysed mitochondria and compared with that of marker enzymes of known topology (Fig. 3) (Fig. 4) (39) as described in the text in the absence or presence of a 10-fold molar excess of unlabeled nucleotides (1.9 x 10-8 M).
labeling method described previously (27) with radioactive 8-N3-cAMP as a ligand. Unspecific binding was reduced by the addition of 5 mM 5'AMP to the assay. One faint band of a photolabeled polypeptide exhibiting an apparent molecular weight of 45,000 was detected after analysis in sodium dodecyl sulfate-polyacrylamide gels (Fig. 5 ). This band was observed neither when the assay was performed in the dark (data not shown) nor when a 100-fold molar excess of unlabeled cAMP was added (Fig. 5, lane 3) . The labeled smear seen at the top of the running gel (Fig. 5, lane 2) , which disappeared in the presence of an excess of unlabeled cAMP (lane 3), may result from high-molecular-weight aggregates due to incomplete reduction or solubilization (or both) of the membraneous protein sample before electrophoresis.
No other labeled polypeptide was found, which again indicates that the mitochondrial preparation was essentially free of contamination by cytoplasm and plasma membranes. , and lysed (c) mitochondria were treated with trypsin at 0°C for 30 min, and cAMP-binding activity (A), cytochrome c peroxidase activity (B), and fumarase activity (C) were determined. Controls were performed by incubating intact (x), shocked (0), and lysed (0) mitochondria with 50 ,ug of trypsin per ml in the presence of a fourfold molar excess of inhibitor from soybeans. Intact mitochondria were suspended in 10 mM Tris-1 mM EDTA (pH 7.2) containing 0.6 M mannitol. After hypotonic treatment in 0.1 M mannitol (same buffer), the osmolarity of the buffer for shocked mitochondria was increased by the addition of sucrose (final concentration, 0.45 M). The incubation buffer (same buffer) for lysed mitochondria contained 0.5% Nonidet P-40. 161, 1985 
